





This is the peer reviewed version of the following article:  
Oubelkacem, A., Scardigno, A. and Choukrallah, R. (2020), Treated Wastewater 
Reuse on Citrus in Morocco: Assessing the Economic Feasibility of Irrigation and 
Nutrient Management Strategies. Integr Environ Assess Manag. 
doi:10.1002/ieam.4314 
which has been published in final form at https://doi.org/10.1002/ieam.4314.  
 
 
This article may be used for non-commercial purposes in accordance with Wiley Terms and 
Conditions for Use of Self-Archived Versions 
 
TreatedWastewater Reuse on Citrus in Morocco: Assessing
the Economic Feasibility of Irrigation and Nutrient
Management Strategies
Abdellah Oubelkacem,† Alessandra Scardigno,*† and Redouane Choukrallah‡
†CIHEAM—Mediterranean Agronomic Institute of Bari, Bari, Italy
‡Department of Horticulture, Hassan II Institute of Agronomy and Veterinary Medicine, Rabat, Morocco
ABSTRACT
Reuse of treated wastewater (TWW) for irrigation can be an effective strategy in Mediterranean countries to overcome the
pressure on freshwater resources if its economic viability is demonstrated. In this work, the assessment of the economic
feasibility of irrigation and nutrient management with TWW reuse was carried out in the citrus sector in the Souss Massa
region of Morocco. Considering the effects of TWW reuse on yields, water, and fertilizer requirements, a mathematical
nonlinear optimization model was used to identify the optimal allocation of land and nonuniform quality irrigation water and
to assess the impacts on the economic performance of the citrus sector. Different water price and irrigation technology
scenarios have been simulated. Overall results indicated that the reuse of TWW—with a current price higher than the
conventional resource—must be subsidized to be proposed as a convenient alternative for irrigation. A reduction in the
TWW price from its current level (0.23 Euro/m3) to a level equal to that of fresh water (0.15 Euro/m3) would encourage farmers
to use TWW on 59% of the total cultivated area, leading to a 350mm reduction in quantity of used fresh water per hectare.
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INTRODUCTION
Morocco, being a Mediterranean country, is suffering
from a severe water shortage. Water resources are limited
due to the semiarid to arid climate in the major part of the
country. Annual irregularity, interannual variability, and
heterogeneity of spatial distribution of precipitations mainly
influence the hydrological status of Morocco. With a pop-
ulation of 35.9 million persons (HCP 2020) water availability
per capita is less than 1000m3, placing Morocco at the
water poverty threshold. This situation requires solutions
and alternatives to ensure water security, and the reuse of
treated wastewater is indeed a promising option to reduce
the pressure on the water resources (MED‐EUWI 2007;
Hanjra et al. 2012). Treated wastewater is a source of water
that is always available (Aziz and Farissi 2014), and it can
balance the natural cycle of water and conserve resources
by reducing the discharge of harmful emissions in the
environment (Bouchet 2008) and the pressure of fresh water
sources (Winpenny et al. 2013). By reducing irrigation costs
and the cost of extracting groundwater resources, the reuse
of treated wastewater offers poor farmers more oppor-
tunities for investing in crop diversification and moving
toward a large agriculture benefit (Molinos‐Senante et al.
2011; El‐Zanfaly 2015), thereby ensuring food security
(FAO 2005; Corcoran 2010; Jaramillo and Restrepo 2017;
UNWWAP 2017). Nutrients present in wastewater allow
savings of fertilization costs (Corcoran 2010; Winpenny
et al. 2013) and ensure a favorable nutrient cycle that avoids
the indirect return of micro and macro elements to the
water bodies. Finally, treated wastewater can also have a
positive effect on crop yield (Toze 2006; Bixio et al. 2008).
On the other hand, the use of treated wastewater for irri-
gation can cause potential risks to human health (Gerba
and Rose 2003) related to the accumulation of emerging
contaminants (ECs) and to the environment, especially
on the soil. Soil physiochemical parameters, structure,
magnitude, and activity of microbial biomass have been
shown to be affected by irrigation with treated wastewater* Address correspondence to scardigno@iamb.it
(Becerra‐Castro et al. 2015) that cause alterations in soil
fertility and productivity.
Having tripled in the last 3 decades, the yearly volume of
discharged raw wastewater in Morocco is currently about
900millionm3 (MI 2019). Around 60% of this water is dis-
charged to the sea, and the remaining quantity is divided
between the draining‐off of surface waters and reuse proc-
esses (Choukr‐Allah 2012). Despite the interest shown by
the public department of agriculture for the reuse of this
resource (MI 2019), only about 80millionm3 of treated
wastewater is used in agriculture, including: artificial re-
charge of the aquifer in the region of Gharb (Northwest),
forest trees irrigation in (Kenitra), irrigation of pastures and
grazing grounds, golf courses, and landscape irrigation
(Benzine 2012; Choukr‐Allah 2013; El Oualja 2013; Aziz and
Farissi 2014).
The use of treated wastewater for citrus irrigation is not a
new practice in Mediterranean countries (Pereira et al. 2011)
and in Morocco (Omran et al. 1988; Zekri and Dinar 2003).
The success of treated wastewater reuse for citrus irrigation
is largely attributed to well‐drained soils (Pereira et al. 2011),
appropriate treatment technologies, and adequate irriga-
tion management strategies. The separation between fruits
and irrigation water reduces the chances for pathological
contamination; nevertheless, given the sensitivity of citrus to
salinity and to B, water quality characteristics of the treated
wastewater can injure trees, impact fruit production, and
affect fruit quality if present at high concentrations (Grattan
et al. 2015). On the other hand, treated wastewater irriga-
tion positively affects citrus nutrition by increasing the
amount of P, Ca, and K.
Citrus production represents a very prominent sector in
the national agricultural context: with a current area of
125 000 ha and an average production of around 2 million
tons/y the citrus production sector contributes substantially
to the improvement of farmers' incomes, and this sector
numbers about 13 000 and significantly affects employment
through the creation of nearly 25 million working days per
year. Annual production almost doubled from 2002 to 2017
to reach 2.36 million tons (MAPMDERF 2017), and, with an
export which fluctuates around 500 000 tons/y, citrus rep-
resents one of the main sources of foreign currency in
Morocco. The citrus industry has differentiated its offers with
a diversified and specific varietal profile to meet the specific
requirements of the international citrus market (MAPM-
DERF 2017).
Quality standards required in the markets, as well as a lack
of knowledge about treated wastewater effects on yield,
fertilization, and economic feasibility limit the current use of
treated wastewater for citrus irrigation in Morocco. Together
with irrigation methods, appropriate irrigation scheduling
that takes into account the quality of the treated wastewater
used are also crucial issues (Choukr‐Allah 1993). Therefore, a
comprehensive analysis of crop response, irrigation prac-
tices, and economic evaluations of potential benefits is
needed when using treated wastewater to irrigate citrus
fruits. Bioeconomic models can help capture the complexity
of interactions between water management systems and the
economy and find a suitable combination of resources and
their allocations while maximizing multiple‐objective func-
tions (Amir and Fisher 1999; Valunjkar 2007). In the agri-
cultural sector, specific attention is given to minimizing yield
losses with maximum total net income, minimizing salt
concentration in the water system and irrigated land, and
minimizing the total operational cost of the system (Atilhan
et al. 2012; Ghassemi and Danesh 2013; Molinos‐Senante
et al. 2015; Graveline 2016; Abdulbaki et al. 2017; Reca
et al. 2018). At the basin scale, bioeconomic models have
been used to analyze alternative policy scenarios for water
allocation and use by making physical and economic di-
mensions of water distribution clear to policymakers
(George et al. 2011; Esteve et al. 2015) in order to assess the
potential effects of climate change on irrigated agriculture
and options of adaptation, as well as to identify the optimal
allocation of nonuniform quality irrigation water (Reca
et al. 2018).
In the context outlined above, the use of an optimization
model, which simulates alternative scenarios that introduce
the availability of treated wastewater for irrigation, will allow
for the achievement of the following objectives: 1) identify
the optimal allocation of land and water irrigation of non-
uniform quality between crops; and 2) assess the economic
performance of farmers and, ultimately, the economic
feasibility of reusing the treated wastewater.
By promoting recycling and the safe reuse of treated
wastewater to irrigate, the present study intends to con-
tribute to SDG targets 6.3, “By 2030, improve water quality
by reducing pollution, eliminating dumping, and minimizing
release of hazardous chemicals and materials, halving the
proportion of untreated wastewater and substantially in-
creasing recycling and safe reuse globally,” and 6.4, “By
2030, substantially increase water‐use efficiency across all
sectors and ensure sustainable withdrawals and supply of
freshwater to address water scarcity and substantially re-
duce the number of people suffering from water scarcity,”
and to their economic components in particular.
MATERIAL AND METHODS
The optimization model
A nonlinear stochastic, single‐year comparative static
mathematical programming model, written by GAMS,
General Algebraic Modelling System language (Rosenthal
2011), was used to select the optimal allocation of land and
nonuniform quality irrigation among different activities—
defined as a combination of crop varieties and water
quality—that maximizes a given objective. The optimization
takes into consideration various parameters (both agro-
nomic and economic), such as different quality of irrigation
water, crop irrigation and fertilizing requirements, irrigation
techniques, water and land availability, crop cultivation cost,
crop yield, crop price and crop price variation, water and
fertilizers costs, and farmers' risk aversion (Figure 1).
The adopted model follows a primal‐based approach,
where technology is explicitly represented through the use
of engineering production coefficients—that is, needed
quantities of inputs such as water, fertilizers, labor, etc. to
produce one unit of a given product—generated from
agronomic theory and biophysical models. These en-
gineering coefficients constitute the essential linkage be-
tween the biophysical and economic models, allow for
switching between production processes defined in a
transparent way (Flichmann et al. 2011) and “provide the
possibility of a complicated but easy to handle description
of production possibility set” (Boussard 2011). Assuming the
farmer to be a rational agent, the model's main objective is
to reproduce the observed production situation and the
observed behavior (Janssen and Van Ittersum 2007). Once
the model is calibrated by changing the parameters (i.e.,
prices, subsidies), it can be used for making predictions. It is
a comparative static model which optimizes an objective
function for a single period (i.e., 1 y) over which decisions
are taken. This implies that it does not explicitly take tem-
poral dynamics into account.
Objective function
The model's objective is to maximize the farmers' annual
expected utility defined, following the mean‐standard devi-
ation approach with a constant absolute risk aversion (CARA)
specification (Markowitz 1952; Pratt 1976), as the expected
income minus its standard deviation due to risk aversion to-
ward income variation that can be generated by many fac-
tors, primarily market crop price and crop yield variation. The
CARA approach is widely employed in agricultural models
because, by implying a utility function almost quadratically in
the parameters, it simplifies the resolution of the optimization
programming problems (Arribas et al. 2020).
According to the adopted approach, the objective
function is formulated as follows
Max U Z ,ϕ σ= − * (1)
where U is utility function; Z is the expected income (Euro); ϕ
is the risk aversion coefficient; and σ is the standard devia-
tion of the expected income.
The risk aversion coefficient (ϕ) is a parameter that meas-
ures the degree of willingness and the ability of farmers to
take risk. Assuming a normal distribution of the random
values of Z, the coefficient ranges between 0 and 1.96: when
it equals 0, the farmer is risk neutral and when it equals 1.96,
the farmer is almost totally risk averse since 1.96 is the ap-
proximate value of the 97.5 percentile point of the standard
normal distribution, that is to say that 95% of the area under a
normal curve lies within roughly 1.96 standards of deviation
of the mean. It follows that when the parameter ϕ is equal to
0, the maximized value, U, is equal to the expected, Z, but
more uncertain; when the parameter assumes positive values,
the maximized value is less than the expected income but
with a greater probability of occurrence.
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where the index c represents the set of citrus varieties
subject to the model simulation (Clementine, Maroc late,
Figure 1. Flowchart of the adopted model.
Nadorcott, Navel, and Nour); the q index indicates the
water quality (fresh or treated wastewater); GMARG is the
Gross margin (Euro per hectare); X is the activity level (ha);
WATusedq is the amount of water used per source (m
3); and
Pricewat is the Price of water (Euro/m3).
Similarly to Z, a number of random incomes Zk is calcu-
lated using the same equation for the expected income
calculation. The difference is that the average prices are
replaced by 100 random prices defined over different states
of nature (Kp). The random element (price) is a vector of
independent numbers randomly generated and normally
distributed, which means they are calculated using a normal
distribution function based on the average and standard










The gross margin is mathematically expressed as
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where Pr is the crop price (Euro/t); Y is the crop's yield (t/ha);
ε is the coefficient of price elasticity to supply that measures
the reaction of supply (crop activity level) to a unitary change
of price of products (%); diff is the coefficient of area varia-
tion; vc is the total variable costs (Euro); f is the index for
fertilizers; fertreq is fertilizers' requirement (kg/ha) given by
the sum of amounts of fertilizers per hectare for each crop;
Fertpr is the price of fertilizers (Euro/kg); and tech_cost is the
irrigation equipment cost (Euro/ha).
The coefficient of area variation (diff) is a factor introduced
to account for the differences between the cropping pattern
suggested and the cropping pattern already existing in the
study area. It was introduced for the purpose of calibration
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where IniArea is the initial area for each crop (ha).












∑FERTused fertreq X ,f q
c i
f c q c q,
,
, , ,= * (7)
where m is the month index; NIR is net irrigation require-
ments (m3/ha); Htech is the technical efficiency of irrigation
system; and Fertreq is the amount of fertilizer for each
varieties (kg/ha).
Model constraints
The optimization model works under different constraints
that are related to land, water, and fertilizer availability. The
land constraint implies that the land allocation for crops
should not exceed total land availability for each month.
Mathematically, this constraint is expressed as follows
∑ ≤fland X L use fland_ ,m
c q
c q c m
,
, ,= * (8)
where fland is the farm agricultural land availability (ha) and
L_use is the land use per crop and per month.
As for water, the constraint implies that for each water
resource, the sum of water requirements for all crops should
be less or equal to the water availability for each month.
Mathematically, the constraint is expressed as follows
∑ ≤WATused watsup fland,
c
q c m q m, , , * (9)
where WATused is the amount of water used for water re-
source, crop and month (m3/ha) and watsup is the total
water supply (m3/ha).
Calibration of the model and sensitivity analysis
In order to develop a model to help in the decision‐
making process, so as to make it usable for policy analysis,
its simulation capacity has to be tested and model calibra-
tion is needed. The calibration consists of feeding the model
with input data of the actual situation and comparing one or
more simulated outputs with the observed one. Measures of
goodness of fit can be used to check how closely the model
calibrates the empirical levels of cropped areas, production,
prices, and levels of input use. In our case, cropping
pattern—the combination of citrus variety and irrigation
water resource—which is the main decision variable and is
easily observable in the field, has been used to compare the
actual and the simulated scenarios. The underlying as-
sumption of this choice is that the current cropping pattern
is likely to be the optimal one for a given farming system
and the current conditions in terms of water availability, ir-
rigation technologies, and water policies. Both the risk
aversion coefficient (ø) and the coefficient of price elasticity
(ε) could be used to calibrate the model. Their values have
been changed inside specific ranges according to input data
based on previous work (Gil and Ben Kaabia 2004), until the
attainment of an optimal situation where the percent ab-
solute deviation (PAD) between the observed and predicted
cropping pattern is the lowest one (Janssen et al. 2010). As a
result of the calibration process, the model has been cali-
brated by using the risk aversion coefficient (ø) = 0 and the
elasticity coefficient of the price ε = 0.96; the PAD obtained
is less the 4%. The identified optimal solution is considered
to be the “baseline scenario.”
Finally, a sensitivity analysis was conducted to ascertain
the response of the simulation model's results to changes in
its input parameters and to determine “the contributions of
individual uncertain analysis inputs to uncertainty in the
analysis results” (Helton et al. 2006). The most uncertain
inputs are usually considered: in this work, the crops' fertil-
izer requirement variation (reduction) of the use treated
wastewater and of the farmer's income. The initial value of
the simulated quantity of fertilizer required, given in Table 1,
was changed to a plus or minus of 30% and the model was
run for scenarios 2, 3, and 4.
Case study area
The Souss Massa region is located in the center of
Morocco (Figure 2) with a total area of 12 000 km² dis-
tributed between the plain of Souss (4150 km²), the plain of
Massa (1600 km²), and mountainous areas of the High and
Anti‐Atlas (6250 km²). The agricultural area is 228 500 ha and
143 640 ha are actually irrigated. The Souss Massa is one of
the first agricultural regions in the country (Choukr‐Allah
et al. 2007) and contributes almost 60% of the national citrus
fruits and 85% of vegetables exports. The region has a
semiarid to subdesert climate: the annual average temper-
ature is 19 °C, the average maxima is 27 °C and the minima
is 11 °C, with a generally high sunshine rate. Surface water
supplies of the region are characterized by irregularity as
well long and severe droughts, with the average rainfall not
exceeding 200mm/y in the plains and 600mm/y in the
mountain summits (Hermas 2017). Renewable potential
in groundwater is about 425millionm3/y on average.
The current balance of the Souss aquifer is a deficit of
271millionm3/y with significant drawdowns of the water
table mainly due to the extension of irrigated areas and to
an increasing demand on potable water (MEMEED 2015;
ABHSM 2019). In the area of action of the hydraulic basin
agency (ABHSM) of the Souss Massa, agricultural water
demand was estimated at 1268millionm3/y in 2019, in-
cluding 582millionm3/y of groundwater (AFD 2012); 40% of
the agricultural water demand in the region is assigned for
citrus production.
Citrus production occupies an area of 40 343 ha, which
represents one‐third of the total citrus area in Morocco; 30%
of farms in the region have areas larger than 5 hectares and
represent 99% of the total area (Abaouz 2013). The choice
of the variety is based on its productivity, response to stress,
resistance to certain diseases, and the market demand: the
main varieties are Clementine (31%), Maroc late (22%),
Navel (12%), and Nour (12%) (Kjidaa 2017). The citrus pro-
duction in the Souss‐Massa region during the last years has
been subjected to variation—from 400 000 ton in 2012/2013
to 800 000 ton in 2016/2017—due to several factors, such as
severe climatic events and market fluctuations.
Farmers are grouped in cooperatives that offer services
related to technical consultancy, assistance for irrigation,
fertilization and phytosanitary treatments, as well as produce
commercialization to the international market. Due to in-
creasing stress on local aquifers, farmers also rely on surface
water for part of their irrigation needs. The volumetric tariff
does not vary according to the volume of water consumed,
and there is no fixed tariff applied to each unit of cultivated
land. Each farm is equipped with an on‐farm‐storage reser-
voir that insures an autonomy of at least 2 weeks of irrigation
needs. All farms are equipped with drip irrigation systems
that have a high efficiency level and allow the ferti‐irrigation
practices adoption.
Input data
The input data for the optimization model were collected
through the consultation of an official statistical database
(MAPMDERF 2017), direct communication with farmers, and
the consulting of public authorities in charge of agriculture
management during fieldwork carried out for 2 months
(April and May 2018).
















Clementine 12 527 30 700 562 4.800 570 68
Navel 4.750 40 950 629 5.000 603 77
Maroc Late 8.981 45 890 699 5.000 612 78
Nour 4.840 40 760 534 4.900 571 65
Nadorcott 1.194 65 1.100 976 4.740 558 73
Figure 2. Souss Massa region.
All collected data are referred to as the campaign 2016/
2017. Yields refer to the full irrigation for the normal irri-
gation (100% ETc) and the prices are those registered in the
international market. The efficiency for drip irrigation sys-
tems is set to 95%. Water price is equal to 0.15 Euro/m3 for
fresh water and 0.23 Euro/m3 for treated wastewater given
the cost of treatment technologies. Yields, net irrigation
requirements, and fertilizers' requirements pertaining both
to fresh and treated wastewater were taken from previous
work (Oubelkacem 2018) carried out in the same area where
the safe irrigation management (SIM) model (Dragonetti
et al. 2020) was applied to assess the effects of different
quality waters on crop yield and the water balance and
establish a correct irrigation and nutrient management
strategy.
Wastewater, treated to a tertiary level using ultra violet
rays, has the following characteristics: pH 7.08; EC at 25 °C
4.24 (dS/m); Cl (mg/L) 777.84; HCO3− (mg/L) 493.76; NO3−
(mg/L) 230.86; P (mg/L) 5.65; Ca (mg/L) 449.11; Na (mg/L)
104.30; Mg (mg/L) 56.63; and K (mg/L) 34.30.
Costs represented in the equations of gross margins were
calculated according to the data provided by local farmers
during the data collection campaign. The cost for fertilizers
is excluded from the total variable costs and considered as a
separate element. Nitrogen is supplied to the plant in the
form of NH4NO3, which contains 33% of N. Phosphorus is
supplied in the form of mono ammonium phosphate (MAP),
containing 62% of P2O5. The 2 fertilizers are sold in the
market for the prices of 0.32 Euro/kg and 0.89 Euro/kg,
respectively.
Simulation scenarios
Beyond the baseline, 3 scenarios have been considered
and described in terms of: cropping pattern, different water
quality use, fertililzer use, farm income, and public subsidies.
They are:
1) Baseline (calibration) scenario: corresponding to the ac-
tual situation where an amount of 8000m3/y/ha of fresh
water is available with a price equal to 0.15 Euro/m3 and
an efficiency of the drip irrigation system equal to 95%.
Treated wastewater is not available to farmers. It repre-
sents the reference for the comparison and analysis of the
simulation scenarios.
2) Water availability scenario: Treated wastewater is
added as an irrigation water source. According to the
results obtained in previous research (Oubelkacem
2018), reduced fertilizer requirements, −80% and −30%
for NH4NO3 and MAP, respectively, have been consid-
ered when treated wastewater is used to irrigate. Both
fresh water and treated wastewater, with their current
prices, are considered (where the price of treated
wastewater, 0.23 Euro/m3, is higher than that of fresh
water, 0.15 Euro/m3). The efficiency of the drip irrigation
system is equal to 0.85 for treated wastewater and 0.95
for fresh water. The efficiency is considered lower in the
case of treated wastewater since the low quality affects
the functioning of the system via clogging and salt
accumulation in the pipes (Bounoua et al. 2016).
3) Policy scenarios: The policy scenario accounts for the
high and nonsubsidized price of treated wastewater
compared to fresh water. A water pricing policy is
simulated and 2 cases were studied, the first sets
equal prices for both fresh and treated wastewater
(0.15 Euro/m3), while the second sets the price of treated
wastewater (0.09 Euro/m3) as lower than fresh water
(0.15 Euro/m3). The policy scenario implicates the adop-
tion of subsidies to assist and encourage farmers to use
treated wastewater as an irrigation water source.
4) Technology scenario: A new technology, micro sprin-
klers, adapted to the irrigation with treated wastewater,
was proposed with an annual cost estimated between
350 and 400 Euro/ha. The effect of the new technology
appears in the efficiency of the irrigation system, as this
technique is well adapted for irrigation with low quality
waters. An application efficiency of 0.95, an additional
cost of treated wastewater technology of 350 Euro/ha,
and an availability of fresh water and TWW at their cur-
rent prices are simulated together with the introduction
of a possible subsidy for the installation of new
technologies.
RESULTS AND DISCUSSIONS
The baseline (calibration) scenario
Simulation in the baseline scenario shows a similar crop-
ping pattern to the actual situation to a level of 96.16% so
that the model was considered to be well calibrated. The
chosen citrus varieties are distributed as follows: Clementine
makes up 39% of the total area, Navel is 15%, Maroc late
occupies 28%, Nour is planted on 15%, and Nadorcott is
planted on 4% of the total land.
The total and average water quantities used in the base-
line scenario are equal to 218 449 511m3 and 6764m3/ha,
respectively, while the amounts of fertilizing elements used
per unit of area are presented in Table 2.
For the baseline scenario, the total cost of water and the
average cost per unit of area amount to 32 767 427 Euro and
1014 Euro/ha, respectively. Considering all costs and ben-
efits, the total farmers' income is calculated. The average
income per unit of area is obtained by dividing the total
Table 2. Quantities of fertilizing elements used in the baseline
scenario
Ammonium nitrate (kg) 18 930 949
Ammonium nitrate (kg/ha) 586.2
Mono ammonium phosphate (kg) 2 319 828
Mono ammonium phosphate (kg/ha) 71.8
income by the cultivated land. The baseline scenario's total
income is equal to 274 000 360 Euro, which is equivalent to
8485 Euro/ha.
Water availability scenario (S01)
The results of this scenario have shown that TWW, while
available, are not used, and reuse does not appear in the
optimal solution as an irrigation water source. The cultivated
land is totally irrigated with fresh water and, consequently,
the amount of water used, the total and average water
costs, the total and average fertilizer amounts, and the
farmers' incomes remain the same compared to the baseline
scenario.
Policy scenarios (S02 and S03)
Given the nonappearance of the TWW as a source for
irrigation in the availability scenario, 2 policy scenarios are
simulated: scenario S02 where the price of TWW is set equal
to fresh water; scenario S03 where the price for TWW is
lower than fresh water.
Scenario S02: equal prices
Land allocation according to water sources has changed
since 59% of the total area switched to treated wastewater
(Figure 3).
Given the lower efficiency level that the system reaches
when TWW are used, in order to satisfy the net irrigation
requirements of each variety, the average amount of
TWW used is higher than the average amount of fresh water.
For this reason, the varieties that switched to TWW—
Clementine, Nour, and a part of Navel—are those with the
lowest annual water requirements, and the changeover to
TWW, considering the greater requirements of gross irri-
gation, can be offset by savings in fertilizers. As land allo-
cation according to the water source has changed, the
annual amount of water used for each source will also
change, as shown in Table 3.
The total and average water costs for scenario S02 are
equal to 34 806 153 Euro and 1078 Euros/ha, respectively.
By comparing the average amount of fertilizer used for
crops irrigated with fresh water with the average amount
used for crops irrigated with TWW, results show that TWW
allows for the saving of important amounts of fertilizers
(81% of NH4NO3 and 38% of MAP). The combined effects
of an increase in the cost of water and a reduced cost for
fertilizers translates into a higher total income and average
income per hectare that equal to 2 750 903 030 Euro and
8518 Euro/ha, respectively.
Scenario S03: Lower price for TWW
Land allocation according to the 2 water sources remains
the same as in scenario S02, with the same varieties
switching to TWW. Similarly, as land allocation remains the
same, the total quantities of water used for each water
source also remain identical, as do the quantities of
fertilizing elements used.
The difference between scenarios S02 and S03 resides in
the total and average cost of water for the farmers that, in
scenario S03, are equal to 27 056 073 Euro and 838 Euro/ha,
respectively.
Consequently, as the cost of water changes, the farmer's
incomes will change to reach the value of 282 840 383 Euro
and 8759 Euro/ha for annual total income and average
farmer's income, respectively.
Technology scenario (S04)
In this scenario, the new micro sprinkler technology de-
veloped in the framework of the MADFORWATER project
has been introduced into the model. This technology is
assumed to retrieve the loss of application efficiency, due to
its compatibility with low‐quality water sources. Therefore,
the application efficiency of the irrigation system is in-
creased to 95%, coupled with an additional annual cost for
the implementation of this technology (350 Euro/ha).
Results show that TWW does not appear to be an ad-
equate source for irrigation in this scenario. The total land
irrigated with freshwater is identical to the baseline scenario.
Similarly, the total and average amounts of water used, and
the fertilizer amounts, are the same as in the baseline sce-
nario. The annual average cost of water as well as the
farmer's income also remain the same compared to the
baseline scenario.
Results demonstrate that the farmers' decision about the
use of TWW only changes in scenarios S02 and S03, where
the price of TWW is subject to a certain level of subsidies.
Compared with the baseline scenario, 59% of the total land
switches to TWW as a source for irrigation. On the the other
hand, in scenarios S01 and S04, the total land is irrigated
with fresh water. We can also deduce that the switch fromFigure 3. Land allocation according to water source for the scenario S02.
Table 3. Amount of water used per source for the S02 scenario
Fresh water (m3) 102 873 019
Fresh water (m3/ha) 7.746
TWW (m3) 129 168 000
TWW (m3/ha) 6.794
fresh water to TWW happens for varieties with the least
annual water requirements, which is due to the difference
between fresh water and TWW in terms of application effi-
ciency. Therefore, the least water demanding crops will be
less affected by this loss.
As shown in Figure 4, the substitution of fresh water with
TWW allows for the conservation of an average amount of
358mm of fresh water per hectare. This important amount
could have a great socio‐economic value, since it could be
used for other crucial activities, such as drinking water.
The reduced amounts of fertilizing elements required for
irrigation with treated wastewater (Figure 5) result in lower
production costs for the farmer, thereby confirming im-
pressive results for cereals, forage, and vegetables already
documented in the literature (Hamdy and Choukr‐Allah
2003). In scenarios S02 and S03 (Figure 5), where TWW is
used for irrigation, the total amounts of fertilizers saved
compared to the baseline scenario are equal to 81% for
Nfertilizer and 38% for P which means economic savings for
the farmer and a contribution to environmental welfare.
The average annual water costs for scenarios S01 and S04
are identical to the baseline scenario, since the total land is
irrigated with fresh water, while in scenario S02, where the
prices of fresh water and TWW are equal (0.15 Euro/m3),
the average annual water cost is higher than in the baseline
scenario since, on the 59% of the land switched to TWW, the
lower application efficiency leads to the need for larger
water amounts to meet the net irrigation requirements
for the plants. On the other hand, in scenario S03, where the
price of TWW (0.09 Euro/m3) is lower than fresh water,
the annual water cost has decreased when compared to the
baseline scenario, considering that the land allocation is the
same as in scenario S02. This indicates that subsidies on
water costs are needed to cover the difference in water
Figure 4. Land allocation (in %) according to water source.
Figure 5. Fertilizers costs and savings for TWW use.
consumption due to the loss of application efficiency
(Figure 6).
In scenarios S02 and S03, the average annual income in-
creases respectively by 0.38% and 3.22%, with respect to
the baseline scenario, due to the combined effects of saving
on the cost of fertilizers and subsidies.
The subsidies per hectare of land irrigated with TWW,
equal to 544 and 952 Euro respectively in scenarios S02 and
S03, decrease to 320 and 561 Euro if calculated on the total
cultivated area, thereby ammounting to much lower levels
than the increase induced in the income of farmers. Sub-
sidizing the price of TWW could be justified from a social
point of view only if the value of the saved freshwater is
equal to the difference between the amount of subsidies
and the increment in the farmer's income. Different simu-
lations have been carried out while gradually decreasing the
cost of TWW from its actual level (0.23 Euro/m3) to a level
equal with fresh water (0.15 Euro/m3), but the switch to
TWW only occurs at the level of cost equality.
In the case of scenario S04, the micro sprinkler technology
adapted to low‐quality waters was introduced and simu-
lations were carried out assuming that additional costs for
the implementation of this technology are subsidized,
keeping the cost of TWW at its actual level. As shown in the
results of scenario S04, TWW is not suggested as an optimal
solution for irrigation, even when the technology cost is
subsidized, since the gain in efficiency allowed by the
technology does not help to account for difference in
water cost.
The results of the sensitivity analysis given in Table 4 show
that, in any simulated scenario, the change in fertilizer re-
quirements is not sufficient to change the farmer's decision
on the use of treated wastewater. On the other hand, as
expected, the farmer's income is sensitive, albeit slightly,
and it is positively correlated to the need for fertilizers.
The analysis of the sensitivity results demonstrates the
robustness of the results obtained by the model.
CONCLUSIONS
The present research, integrating biophysical input in an
economic model, allowed for the investigation of some of
the key issues related to the reuse of treated wastewater
in the citrus sector of the Souss Massa region in Morocco.
The methodological approach of combining agronomic
data in the economic model made it possible to manage
and optimize irrigation water use, considering climatic,
socio‐economic, and environmental constraints.
Figure 6. (A) water cost and (B) farmers' income for the different scenarios.
Table 4. Sensitivity analysis results
Δ Fertilizer requirement S02 S03 S04
Land irrigated with freshwater (ha) 13 280 13 280 13 280
−30% Land irrigated with TWW (ha) 19 012 19 012 19 012
Farmer's Income (Euro/ha) 8546 8786 8485
Land irrigated with freshwater (ha) 13 280 13 280 13 280
Input data Land irrigated with TWW (ha) 19 012 19 012 19 012
Farmer's income (Euro/ha) 8518 8759 8485
Land irrigated with freshwater (ha) 13 280 13 280 13 280
30% Land irrigated with TWW (ha) 19 012 19 012 19 012
Farmer's income (Euro/ha) 8492 8732 8485
The integrated model allows for the replication of the
farmers' behavior and determines the optimal allocation of
different quality waters under different constraints and in
different pricing, technology, and policy scenarios. The
results obtained show that the private advantage of
saving fertilizer costs could be significant, but, with the
current price level for the 2 water sources (0.15 Euro/m3 and
0.23 Euro/m3 for fresh and TWW respectively), this positive
effect is insufficient to make the reuse an option, thereby
confirming the low demand for treated wastewater reported
in the literature (Jeuland 2015).
The economics of reuse will not be favorable as long as
water prices remain so far below the cost or scarcity value of
water so long as, like in our case study, users do not suffer
acute shortage and have a choice between conventional
and TWW water.
The increase in TWW supply must be associated with a
good water resource design policy that fills the widespread
lack of effective price signals (El Yacoubi and Belghiti 2002)
and restructures the reuse funding. In fact, with subsidies
equal to 0.08 Euro/m3 for the TWW used by farmers, 59% of
the cultivated land is irrigated with TWW and 3580m3/ha of
fresh water are saved. Even the continuous decreases in the
treatment cost of treated wastewater (Frascari et al. 2018)
could contribute to its reuse only if transferred in price
signal. In addition, the evaluation of saved fresh water could
help to raise public awareness of the effectiveness of and
opportunities for reuse, emphasizing the “social benefit”
generated by this reuse.
Combining the obtained results, it can be concluded that
the TWW reuse promotion and enhancement is required to
overcome the lack of adequate information about benefits
(Massoud et al. 2019), incomplete economic analysis of
TWW reuse options, misalignment between water prices
and water scarcity, and lack of economic incentives for reuse
(Frascari et al. 2018).
For future research, it could be interesting to consider that
the conditions and assumptions on the basis of which these
results have been obtained could change. An increasing
water scarcity for the agricultural sector could eliminate the
choice between the sources that is still available in the
Moroccan irrigation sector, and a total or partial substitution
of fresh water with different sources of nonuniform quality
irrigation water (Reca et al. 2018) could have a significant
impact on the desirability of treated wastewater (Reznik
et al. 2019). Dynamic optimization methods could be the
most appropriate for tackling this issue.
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F, Jiménez‐Gutiérrez A, El‐Halwagi MM. 2012. A systems‐integration
approach to the optimization of macroscopic water desalination and
distribution networks: A general framework applied to Qatar's water re-
sources. Clean Technol Environ Policy 14(2):161–171. https://doi.org/10.
1007/s10098-011-0387-8
Aziz F, Farissi M. 2014. Reuse of treated wastewater in agriculture: Solving
water deficit problems in arid areas (review). Ann West Univ Timişoara
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